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excited states separated by 16 -20 rneV are observed when the quantum well is placed at the depth of 1 -10 nm from the surface of the sample. The observed redshift and peak separation are in agreement with simple calculations using a finite-element method and two-dimensional parabolic potential model. This structure is easily fabricated and offers a great potential for the optical study of relaxation and recombination phenomena.
Optical properties of zero-dimensional (OD) semiconductor structures, i.e. , quantum dots (QD's), have attracted considerable experimental and theoretical interest in recent years. ' Various fabrication techniques of quantum dots have been proposed based on high-resolution patterning with or without subsequent regrowth, on disordering induced by a laser or an ion beam, and on lateral strain modulation with stressors. However, these approaches require complex nanofabrication processes and, furthermore, processinduced inhomogeneities and adjacent regrown interfaces may severely affect the optical properties of the dots, as also reported for 2D quantum wells (QW's). ' The diminished luminescence efficiency of QD's has also been explained as an intrinsic effect due to reduced relaxation rate of carriers. A direct method to produce defect-free quantum dots in situ is Stranski-Krastanow (SK) growth' which has been applied successfully on Ge/Si, ' In Ga, As/GaAs, ' and InP/GaAs (Ref. 15) systems. In the SK growth coherent three-dimensional islands are formed on a thin twodimensional wetting layer as the growth of the strained layer is interrupted just after exceeding its critical thickness, e.g. , -2 ML for InP/GaAs. Highly uniform buried In, Ga, As dots with the diameter of 12 -30 nm and the density of -10~' cm on GaAs have been reported, ' ' as well as photoluminescence (PL) of single InAs islands. The shape transformation and intermixing during the growth of buried dots and the existence of the 20 wetting layer makes the modeling of these structures tedious and semiempiric. This can be avoided by combining the SK growth and the strain modulation of a QW as Sopanen, Lipsanen, and Ahopelto recently proposed.
In the work the InP islands were grown in situ on the 30-nm-thick top barrier of an In Gai, As/GaAs quantum well. The method was shown to produce laterally confined quantum dots with high PL efficiency. With this approach the benefit of the SK growth in forming quantum-sized dots can be extended to materials where the direct island growth is not successful. Furthermore, the method is easy to implement and has an advantage that the high-quality 2D QW and the islands on the surface are spatially separated. The possible intermixing and inhomogeneity of the islands lead only to slightly altered strain as discussed later. In this paper we report the PL data of structures with thinner GaAs top barriers than in Ref. 21, where excited-state luminescence becomes clearly resolvable. The results are compared to preliminary calculations with elastic finite element method (FEM) and a simple harmonicoscillator model. We believe that this structure is promising for studying carrier relaxation and recombination processes, such as "phonon bottleneck" effect ' in quantum dots due to the sharp PL lines from the excited states.
The samples were grown by metalorganic vapor-phase epitaxy (MOVPE) at atmospheric pressure. The layers were grown in a single growth run at 650 C on semi-insulating (100)~0 . 5' GaAs substrates using trimethylgallium, trimethylindium, tertiarybutylarsine, and tertiarybutylphosphine without intentional doping. ' A 7-nm-thick Iiip 25Gap 75As quantum well was covered by a GaAs top layer with thicknesses ranging from 20 to 1 nm, followed by the growth of InP islands. The InP islands, which are acting as stressors, were about 100 nm wide and 20 nm high determined by atomic force microscopy and scanning electron microscopy. The island density was 2X 10 crn . The size and density of the islands can be controlled in a very reproducible manner by changing the growth conditions.
Our previous study revealed a contribution of larger partially relaxed islands in photoluminescence but in this work such a signal was not observed. These larger islands are only formed when more than about 4 ML of InP are deposited. The samples were cooled to 12 K in a closed-cycle helium cryostat and the PL spectra were measured with a 488-nm line from an argon-ion laser and a 77-K germanium p-i-n detector. The spot diameter was about 200 p, m. Consequently, about 6X10 dots were excited.
The inset in Fig. 1 shows a schematic cross section of the sample. The strain field due to the SK grown InP stressors modulate the conduction and valence bands of the underlying material as presented in Refs. 5 -8. The tensile strain below the stressors produces a laterally confined potential well into the In Ga, , As QW, predominantly for electrons but also for holes. The local potential wells are approximately parabolic as shown in the inset. Close to the edges of the islands the strain is compressive, which causes an increased band gap. Figure 1 shows PL spectra of the sample with various top GaAs layer thicknesses d of 1 -20 nm measured with the excitation intensity of 15 W/cm . Two peaks are seen in each spectrum, a high-energy peak at around 1.3 eV from the ground-state heavy-hole transition of the unperturbed QW which serves as a reference and a peak at lower energy from the strain-induced QD's. As d is decreased both peaks shift to red and decrease in intensity. At the same time the separation of the QW and QD peak increases from 64 to 105 meV due to the increased effect of the strain field from the islands. The QW peak experiences an opposite shift than the reported blueshift for near-surface QW's. This is believed to be due to the indium segregation during growth which lowers the to GaAs barrier band gap for low d's. In our previous work the origin of the QD peak was checked by measuring PL from a sample where the InP islands were selectively etched off. Moreover, similar structures without QW's show only a weak PL signal at F. =1.40 -1.45 eV. The full width at half-maximum (FWHM) of the QD peak decreases from 15 to 9 meV as d is reduced from 20 to 1 nm. At low values of d, the strain field in the QW tends to saturate, as deduced from the less rapidly increasing redshift. The strain saturation reduces efficiently the effect of the size distribution of the stressor islands and, as a result, improves the size homogeneity of the strain-induced dots. A small feature at 18 meV above the QD peak is barely visible in the PL spectrum of the d = 1 nrn sample in Fig. 1 measured at 15 W/cm . By increasing the excitation intensity up to 150 W/cm the spectra change dramatically as shown in Fig. 2 . In addition to the lowest-energy QD peak up to four new peaks at increasing energy are revealed with nearly equal separation in each spectrum. The intensity ratio of the QD to QW peaks for d~10 nm is increased as compared to Fig. 1 Fig. 3 . The first excited state can be resolved at 30 W/cm, and at 45 W/cm already the third excited state can be extracted. By further increasing the intensity the ground-state peak saturates and the excited peaks start to dominate. In Fig. 4 five Gaussian QD peaks and a QW peak are fitted to the PL spectrum of the d = 5 nm sample at 150 W/cm . A very good fit is obtained by using peak separations of 16.2, 17.4, 18.3 , and 20 meV between successive peaks starting from the ground state. The FWHM of the QD peaks is from 7 to 11 meV which is of the same order as obtained from the QW with a thicker, d=20 nm barrier. Therefore" the confinement along the growth direction (z) of the 7-nm-wide In, Gai, As layer determines the F%'HM of the dot peaks, and no broadening due to the lateral dimensional variation of the strain-induced dots can be extracted. Narrow QW's produce broadened PL peaks due to the monolayer thickness fIuctuation. Thus, the use of a very narrow QW to minimize the strain variation of the dots in the z direction would lead to broadened and overlapped PL peaks, as long as a high number of dots are excited.
The measured redshift, determined here as the energy difference between the QW and lowest QD luminescence peaks, and the QD peak splitting b.E are plotted in Fig. 5 as a function of d. The variation in the separation of adjacent peaks decreases at larger d's. The largest redshift of 105 meV and peak separation of 20 meV obtained in this work compare favorably to the highest redshift of 60 meV and a level separation of 2.1 meV reported recently for dots using processed carbon stressors. The strain obtained with SKgrown islands is much larger than can be obtained by deposition and etching of 2D stressor layers without generation of dislocations. ' The theoretical redshift was calculated using elastic finite element method for both conduction and heavyhole valence bands, ' d, but underestimate the redshift for larger d's (not shown here) probably due to the deviation from the strain-induced parabolic band approximation.
The QD peak separation was calculated with a simple 2D infinite harmonic potential model using the values obtained from the FEM calculations for the potential well width W (at the lowest QW energy level) and the depth of the parabolic potential V, and Vhh, as shown in Fig. 1 .As a first approximation we neglect the Coulomb interaction between the electrons and holes as in Ref. 11. Therefore, the selection rule for radiative recombination is A"&=0, where n is the radial quantum number (0,1,2, . . . ) and I is the angular momentum quantum number (0,~1 ,~2, . . . ). The infinite rotational-symmetric parabolic potential V; = -, 'm, *-co, r, where i =e or h, co; is the characteristic frequency, m, * is the effective mass, and r is the radius of the potential, gives AE = I'I~, + fi, cuh for the separation of adjacent radiative transitions. For instance, for the d =5 nm case the calculated 8' is 85 nm and V, is 102 meV for electrons in In, Ga& As (m~= 0.056m o), which yields fi ru, = 12.4 meV. For lateral "heavy" holes (m * = 0.092m o), V"" is 15 me V and fi, coI, =3.7 meV is obtained. The experimental values of 98 meV and 16 -20 meV for the redshift and peak separation, respectively, are close to the calculated redshift (= V, + Vhhfichu,fetus, ) of 103 meV and the separation of AE = 16.1 meV. More detailed calculations will be published elsewhere.
These results suggest that the excited electrons and holes thermalize slowly to ground state and recombine also from excited states. The confinement energies for both types of carriers are larger than the longitudinalacousticphonon energy (~2 meV) (Ref. 3) but clearly smaller than the longitudinaloptical-phonon energy ( -36 meV). This increases the carrier relaxation lifetime and causes the state fillin which often leads to a broadened luminescence peak ' or to diminished luminescence. However, the assumption in Ref. 11 that holes are readily thermalized to the ground state is not fulfilled here due to the larger hole level spacing, and both significant state filling and high PL efficiency are obtained. By further optimizing the structure even larger confinement can be achieved.
In conclusion, we have observed clear evidence of luminescence from excited states of strain-induced quantum dots.
The strain was applied to an In Ga& As quantum well by the self-organized growth of InP islands on top of the sample. The structures were fabricated in situ without any lithographic steps by MOVPE. A high PL efficiency was obtained from the strain-induced dots. The method produces quantum dots with good homogeneity as a consequence of the strain saturation for low barrier thicknesses. As the excitation intensity was increased close to 50 W/cm the excited state PL lines started to rise and the lower-lying lines saturated. The observed narrow (FWHM -8 meV) luminescence peaks from the dots with the separation of as high as 20 meV were redshifted by up to 105 meV from the QW peak, in consistence with our simple theoretical modeling.
This structure offers an approach for the study of optical and electronic properties of quantum dots, especially the carrier relaxation and recombination processes. 
